A novel peroxidase activity assay was developed for horseradish peroxidase (HRP) and myeloperoxidase (MPO), in which substrate Eu 2+ was catalytically oxidized to Eu 3+ , and the Eu 3+ luminescence was enhanced by the addition of sensitizer 4,4′-bis(1″,1″,1″,2″,2″,3″,3″-hepatafluoro-4″,6″-hexanedione-6″-yl)chlorosulfo-o-terphenyl (BHHCT) for time-resolved measurement of the BHHCT-Eu 3+ complex. Since BHHCT-Eu 3+ has a long lifetime (more than 500 μs), typical of Eu 3+ oxidation state, and the emission wavelength (615 nm) is totally different from those of Eu 2+ complexes, time-resolved luminescence measurement of the Eu 3+ complex enabled suppressed background and high signal/background ratio. The present method was successfully applied to monitor the oxidative stress level, which is closely associated with peroxidase activity level, in rat heart muscle homogenates. Notable parallel temporal change was observed for peroxidase activity and 4-hydroxynonenal (HNE) concentration after lipopolysaccharide (LPS) injection for induction of oxidative stress in rats. Such a relation does not contradict the oxidative stress mechanism that HNE is produced via lipid peroxidation, which is caused by the • OH radical generated by peroxidase activity.
Introduction
Time-resolved measurement of luminescent lanthanide complexes (especially those of Eu 3+ and Tb
3+
) as luminescent labels has provided highly sensitive detection of the labeled target molecules in immunoassay, DNA hybridization assay, luminescence imaging, DNA microarray and other microarrays, high performance liquid chromatography (HPLC), and electrophoresis. [1] [2] [3] [4] [5] The high sensitivity of the method is brought about by time-resolved measurement of the long-lived lanthanide luminescence. Such lanthanide-specific luminescence and time-resolved measurement efficiently remove background fluorescence caused by pulse excitation light, coexisting materials in the sample, and cuvette wall materials. The principle of time-resolved measurement is especially effective for analysis of samples with dense matrices such as serum and biological tissues, since rather high background fluorescence caused by the matrices is short-lived (usually lifetime of several ns) and thus can be removed from the long-live Eu 3+ or Tb 3+ luminescence (lifetime is more than 100 μs) by time-resolved measurement. Our experiments have shown that time-resolved measurement of lanthanide luminescence gives 1 to 2 orders of magnitude improved detection limits compared to those of normal fluorometric detection using organic dye labels. 1, 4, 5 Fluorescence signal amplification by enzyme catalysis is widely used as enzyme-linked immuno-sorbent assay (ELISA) to enhance signals, in which various organic compounds are used as enzyme substrates to release fluorescent dyes. [6] [7] [8] [9] [10] [11] [12] [13] [14] Several studies have been reported on enzyme-amplified lanthanide-luminescence (EALL), which is different from ELISA. In those studies, either 1) non-luminescent free organic substrate is hydrolyzed by alkaline phosphatase (ALP), and the product binds Tb 3+ to give a luminescent Tb 3+ complex, 7 or 2) p-hydroxybenzoic acid is catalytically dimerized by hydrogen peroxide and horse radish peroxidase (HRP) or hemin to give a luminescent Tb 3+ complex. [8] [9] [10] Esterase is also used to hydrolyze esters of phenol derivatives to give luminescent Tb applied to analyses of TNF-α 13 and interleukin 6 in serum 14 with high sensitivity. However, in these EALL systems, a large excess of free Tb 3+ ion causes long-lived background luminescence, which cannot be removed even with time-resolved measurement.
In the present study, novel time-resolved luminescence assay was developed, in which only weakly luminescent Eu 2+ ion was used as substrate for peroxidases, HRP and myeloperoxidase (MPO). Enzymatic oxidation of Eu 2+ to Eu 3+ generated strong luminescence of Eu 3+ at roughly 615 nm even without addition of sensitizer ligand, but with the addition of suitable sensitizers, the luminescence was further enhanced. Since the luminescence properties (emission wavelength, emission spectral profile, and lifetime) of Eu 2+ are totally different from those of Eu 3+ , existence of a large excess of Eu 2+ does not cause background luminescence to time-resolved measurement of Eu 3+ . In the present study, the method was applied to monitor peroxidase activity including reactive oxygen and nitrogen species generated in oxidative stress in the membrane fraction of rat heart homogenate after lipopolysaccharide (LPS) injection. LPS is widely used to induce oxidative stress in mammals, and thus expected to induce peroxidase activity. The temporal change of peroxidase activity was followed with the present method after LPS injection. In addition, serum concentration of the wellknown oxidative stress marker, 4-hydroxynonenal (HNE), in the same sample was also traced after LPS injection with the previously developed time-resolved luminescence immunoassay using a luminescent Eu 3+ complex, 15 and the temporal changes of peroxidase activity and HNE concentration were discussed in terms of oxidative stress.
Experimental

Reagents and chemicals
The reagents used for generation of reactive oxygen species (ROSs), reactive nitrogen species (RNSs), and reactive chlorine species (RCSs), and for measurement of relative oxidizing ability of Eu 2+ , were all commercially available and are listed in . The plates were subjected to timeresolved fluorometric measurement on an Arvo SX multilabel counter (PerkinElmer Life Sciences, Boston, MA), with excitation at 340 nm, delay time of 0.2 ms, and window time of 0.4 ms. Luminescence intensity was measured at 615 nm. When necessary, the measurement was done in five replications to calculate the error bars in the calibration curves.
The emission spectra of the reaction solutions were measured on a Hitachi F-4500 fluorometer with excitation at 330 nm.
ESR measurement
In order to approximately estimate the amount of hydroxyl radical (
• OH) in the HRP reaction solution,
• OH generated by H2O2 and Fe(ClO4)2·H2O reaction (Fenton reaction), was trapped with
• OH scavenger reagent, TEMPOL, and the relatively stable radical product TEMPOL·OH was measured on a JEOL JES-FA100 ESR spectrometer. Details of the experimental procedure is described in Supporting Information.
Rat sample preparation and assay of HNE in rat heart homogenates
The procedures of LPS injection and HNE measurement were the same as described previously. 16 The animal study was conducted in accordance with the guidelines of the Committee for Animal Experiments of the University of Tokyo. LPS was dissolved in physiological saline (0.5 mg kg -1 , i.p.) and administered to rats (n = 2 for each group). Sham rats received an equal volume of saline. Hearts were harvested at 1, 2, 4, 8, 12, 16, and 24 h after LPS administration under anesthesia with sodium pentobarbital (75 mg kg -1 , i.p.), and frozen at -80 C until biochemical analyses. Male Sprague-Dawley rats, aged 4 weeks, were purchased from CLEA Japan Inc. (Tokyo, Japan).
The collected tissues were homogenized and fractionated by centrifugation as described previously. 17 The P1 (10000g pellet) and P2 (100000g pellet) fractions of the tissues were extracted with Triton X-100. The protein concentrations were determined by using a reagent kit (PIERCE, Rockford, IL). The purity of each fraction was evaluated with immunoblotting using the antibodies specific to the proteins in each fraction. 18 
Assay of rat heart homogenates injected with LPS
Instead of HRP or MPO enzymes, 25 μL of extracted rat heart homogenates and 25 μL of EuCl2 solution were mixed and incubated at 37 C for 1 h. Then, assay was conducted in a manner similar to that described in the HRP and MPO activity assay section.
Time-resolved fluoroimmunoassay (TR-FIA) for HNE
The TR-FIA was performed, as we previously reported, by using streptavidin-labeled with 4,6-dichloro-1,3,5-triazinyl derivative of {2,2′,2″′,2′″-{[4′-(aminobiphenyl-4-yl)-2,2′:6′,2″-terpyridine-6,6″-diyl]bis(methylenenitrilo)}tetrakis(acetate)} europium 3+ (DTBTA-Eu 3+ ). 19 Sandwich type immunoassay using three antibodies was employed.
Time-resolved fluorometric measurement on an Arvo SX multilabel counter (PerkinElmer Life Sciences) was performed with excitation at 340 nm, delay time of 0.2 ms, and window time of 0.4 ms. Fluorescence intensity was measured at 615 nm.
Effect of addition of
• OH scavenger NDGA in the assay In order to confirm that the luminescence is produced by • OH radical, the well-known in vitro
• OH scavenger NDGA was added to the rat heart muscle homogenate solutions 4 and 8 h after LPS injection at the concentrations of 0.5, 5, and 50 μmol dm -3 .
The solutions were then subjected to measurement with the addition of Eu 2+ and BHHCT, as written earlier in the present Experimental section.
Comparison of Eu 2+ oxidation efficiency for various ROSs, RNSs, and RCSs
The relative oxidation efficiencies of several ROSs, RNSs, and RCSs were compared as follows. The solutions of the reactive species were prepared from the reagents at the concentrations described in Table 1 . To each of the solutions was added an equal amount of Eu 2+ , and the luminescence intensities of the solutions were measured after addition of BHHCT as described in the Experimental section. , BHHCT or TTA was added as sensitizer, and the HRP calibration curves were compared (Fig. 1) . Both proved to work as sensitizer, and gave calibration curves. Although with TTA the calibration curve rose more steeply at low HRP concentrations (×200) than with BHHCT, luminescence of the TTA complex was not stable, and after 30 min, the curve decayed as shown in Fig. 1B . Similarly, MPO activity assay was compared for BHHCT and TTA, and a similar trend was observed. Therefore, BHHCT was used in the subsequent experiments.
Results and Discussion
Effect of several buffers on the enzyme-amplified luminescence reaction was examined, and the undesired air oxidation of Eu 2+ was found remarkably suppressed in phosphate buffer PBS ( Supporting Information, Fig. S1 ). Among the three common buffers, Tris-HCl, MOPS, and PBS, only in PBS was the background emission of Eu 3+ suppressed remarkably, and a calibration curve was obtained for HRP. Since such remarkable suppression of air oxidation seemed to be due to high coordination affinity of phosphate ion onto Eu 2+ , by blocking the oxygen approaching the reaction sites on Eu 2+ ion, other chelating ligands 15-crown-5 and EDTA, and also reducing reagent NaBH4 were examined. However, none were effective in preventing air oxidation (Fig. 2) . Therefore, the subsequent experiments were performed in PBS with the addition of only BHHCT as sensitizer ligand.
In order to confirm that the HRP reaction product is Eu 3+ , the luminescence spectra after the reaction were measured with and without the addition of HRP (Fig. 3) . As expected, a strong line-like peak of Eu 3+ emission was observed at 615 nm when HRP was added, whereas only a very weak broad Eu 2+ emission was observed in the range of 350 -400 nm when HRP was not added.
The effect of H2O2 addition on HRP and MPO activities was examined (Fig. 4) . As the figure shows, H2O2 is necessary for the peroxidase reactions, whereas Eu 2+ is not oxidized appreciably in PBS in the presence of only H2O2.
Application to rat heart homogenates after induction of oxidative stress
The present method was applied to detect an increase in peroxidase activity under oxidative stress conditions in rat heart muscle fractions containing mitochondria, endoplasmic reticulum (ER), and membrane. Rat hearts that had been injected with LPS to induce oxidative stress were used, and the temporal change of peroxidase activity was measured with the present method. Since HNE is a product of lipid peroxidation and is also expected to be induced by LPS injection, HNE (= a total of HNE-modified proteins) was measured with time-resolved fluorometric immunoassay (TR-FIA) by using our previously developed label, DTBTA-Eu 3+ complex and the time-resolved fluorometric immunoassay. 19 The results are shown in Fig. 5 .
It is notable that the temporal changes of the peroxidase activity and HNE concentration after LPS injection were basically in the same pattern. Similar to our previous results of HNE assay in blood monocytes 24 and intestinal tissue, 16 the HNE level in the membrane fraction of rat heart, increased after LPS injection to a maximum at 4 h, and the peroxidase activity also increased to a maximum at 4 h in the rat heart homogenates. Since HNE is produced in lipid peroxidation by • OH generated from hydrogen peroxide and peroxidase, one of the well-known • OH scavengers, nordihydroguaiaretic acid (NDGA), was added . Concentration of H2O2 and BHHCT, and the procedure were as described in the Experimental section. Note that the ordinate intensity range is greatly different for (A) and (B). In (B), the ordinate scale is small and thus the excitation light and its second order optical is shown as enlarged peaks. This is to enlarge and make visible the very weak peaks of Raman line of water and Eu 2+ (ca. 370 nm). This enlargement of (B) also confirms that luminescence of Eu 3+ is not observed. Fig. 2 Effect of ligands and reducing reagent to suppress air oxidation of Eu 2+ . Each of the ligands or reducing reagents was added in 5-times molar amount of EuCl2, and all other experimental conditions were as described in the Experimental section.
to the reaction solution in order to confirm that the Eu 3+ luminescence specifically indicates existence of • OH. Although NDGA also scavenges peroxynitrite (ONOO -), singlet oxygen ( 1 O2), superoxide anion (O2
•-), and hypochlorous acid ( -OCl), Galano et al. reported that NDGA scavenges
• OH most efficiently. 25 The results of NDGA addition are shown in Fig. 6 , and as expected, NDGA decreased dose-dependently the Eu 3+ luminescence intensity at sham, 4 h, and 8 h.
The result in Fig. 6 was what we expected, and corresponds to the reaction pathways of HNE and
• OH in oxidative stress. In Fig. 7 , reaction pathways of peroxidases, ROSs, RNSs, RCSs, and several other species involved in oxidative stress are shown. In the scheme, oxidation of Eu 2+ is also indicated in two places, so that the significance of the present luminescence measurement in the mechanism of oxidative stress is clearly understood. As shown in Fig. 7 . Based on this value and the relative luminescence intensities for • OH (generated by Fenton reaction and HRP reaction) in Table 1 , the • OH concentration in the HRP reaction solution was estimated to be ~9 μmol dm -3 . Fig. 7 Reaction pathways of peroxidases, • OH, and HNE in the mechanism of oxidative stress. Fig. 6 Effect of NDGA addition to the peroxidase activity in rat heart muscle homogenate. NDGA was added at three different concentrations indicated in the figure. All other experimental conditions were as described in the Experimental section. Fig. 5 Temporal change of peroxidase activity and HNE concentration in the rat heart muscle fractions containing mitochondria, ER, and membrane after LPS injection. The experimental details are described in the Experimental section.
Conclusions
The present study established a new peroxidase activity assay using Eu 2+ as a substrate. Due to the distinct difference of the luminescence properties of Eu 2+ and Eu
3+
, the enzymatic oxidation of Eu 2+ to Eu 3+ works as an on-off luminescence switching. Different from the previous enzymatic amplification of lanthanide luminescence (EALL), no excess free Eu 3+ exists in the solution in the present method, leading to remarkable reduction of the background level and high signal to background ratio. Different from other previous EALL methods, which can detect only proteins, DNAs and any other biomolecules undergoing specific biological association due to selective affinity of biomolecules, the principle of the present method can be applied to peroxidase activity assay as well as enzymatic • OH assay in time-resolved mode, in addition to proteins and DNAs similar to EALL. This is a great advantage of the present method, since it has been proven in a great number of real sample analysis that time-resolved measurement of lanthanide complexes gives one-order of magnitude or even better detection limits.
The relatively high specificity of • OH to Eu 2+ oxidation (Table 1) had not been expected before the experiments, but such specificity enhances reliability and sensitivity of the present method. Such specificity is valuable considering the fact that most of the previously reported organic HRP substrates have high reactivity to • OH, but also have appreciable reactivity to other ROSs and RNSs such as hydrogen peroxide, NO, or ONOO -. 27, 28 Different from other organic substrates for peroxidases, Eu 2+ to Eu 3+ oxidation is a single-electron process, and seems more preferable to one-electron reduction such as reduction of
• OH to OH -or H2O. The advantage of the present method over other peroxidase activity measurement is that time-resolved measurement can be used, which remarkably reduces background fluorescence and enables high signal-to-background ratio even in samples with dense matrices such as biological tissues and serum samples.
The almost parallel temporal change of HNE concentration and peroxidase activity in the rat heart homogenate after LPS injection strongly supports the previous in vivo mechanism that HNE is produced via lipid peroxidation by
• OH. 29 The • OH concentration would also change in parallel with peroxidase activity and therefore with HNE concentration after LPS injection.
There are several reported organic substrates for peroxidase activity measurement in fluorometry. However, the reagents often suffer autoxidation and thus give significant background fluorescence, or the substrates are not very specific to one of the ROSs, RNSs, and RCSs in Table 1 . Among the ROSs,
• OH is especially reactive to many substrates. In addition, quite a few substrates suffer oxidation also by hydrogen peroxide. Considering these previous facts, the high specificity of Eu 2+ to • OH is remarkable, and the present method works quite effectively for the evaluation of peroxidase activity.
Supporting Information
Method of ESR measurement and figure for comparison of buffers. This material is available free of charge on the Web at http://www.jsac.or.jp/analsci/. 
